Introduction
It was recently recognized that a substantial increase in the magnetostriction, (3/2)λ 100 , of Fe occurs with the substitution of small amounts of Ga for Fe. 1, 2) This is true as long as the bcc α-Fe phase is maintained. 3) This phase is not the equilibrium phase in Fe 1−x Ga x at room temperature for x > 0.15. 4) By rapid quenching into water from temperatures ≥800 • C, the disordered α-Fe structure can be extended to larger values of x and the magnetostriction further increased. 3) The phenomenal increase in Fe magnetostriction with Ga is remarkable, since Ga is non-magnetic. This paper is divided into two parts. In the first part we present: (1) the field dependence of the magnetostriction, (3/2)λ 100 , of Fe 0.81 Ga 0.19 under high compressive stresses at room temperature and (2) the temperature dependence of (3/2)λ 100 from −269 • C to 42 • C. Magnetostriction measurements show that quenching from 800 • C and 1000 • C increases the magnetostriction over 40% to values ∼ 400 ppm at room temperature and >420 ppm at −269 • C. This slight increase in magnetostriction as the temperature is decreased from 315 to −269 • C is consistent with the small increase of magnetization reported over the same temperature range. 3, 5) We find for Fe 0.81 Ga 0.19 that the magnetostriction has a well-behaved temperature dependence and an intrinsic magnetostriction that is very large. For Fe 0.76 Ga 0.24 (near Fe 3 Ga), this is no longer true. In the second part of the paper we report the effect of small amounts of Ni and Mo on the saturation magnetostriction constants, λ 100 and λ 111 , of the Fe-Ga alloys. In all cases the large positive magnetostriction constant, λ 100 , decreases in value.
Sample Preparation
To prepare single crystal samples of Fe 1−x Ga x , as-cast ingots containing Ga (99.999% pure) and Fe (99.99% pure) were inserted into alumina crucibles and heated to 1650 • C. The ingot/crucible was stabilized for 1 h and then withdrawn at a rate of ∼ 2 mm/h. Following crystal growth, the alloys were annealed at 1000 • C for 168 h and furnace cooled at a rate of 10 • C/min. The large single crystals were oriented and rods (∼ 2.5 cm × 0.6 cm dia.) and discs (∼ 0.3 cm × 0.6 cm dia.) of the proper crystalline directions were extracted. Samples were examined for homogeneity and Fe/Ga ratio. Initial magnetostriction and magnetization measurements were made on these furnace-cooled alloys. Following these measurements, some alloys were then reheated to 800 • C and 1000 • C in evacuated quartz tubes for 1 h and finally rapidly cooled by quenching into a water bath.
Experimental Methods
A conventional dead-weight apparatus was used to apply compressive loads to the Fe 1−x Ga x alloys at room temperature. 6) Magnetic fields up to 80 kA/m were applied to the samples from a solenoid energized by a constant current source. Magnetic hysteresis loops were calculated from the emfs generated by a small pick-up coil surrounding the center of the samples. Displacements as a function of magnetic field at compressive stresses up to 120 MPa were determined from the output of three linear variable differential transformers (LVDT's). See Fig. 1 . In order to obtain the intrinsic (T =0) values of the saturation magnetostriction, measurements were made in high fields from room temperature to −269 • C on oriented single crystals. Disc samples of the appropriate alloys were affixed with special low temperature non-magnetoresistive strain gages (Kyowa K-19-1S1). (The temperature dependence of the gage factors was taken from Gersdorf. 7) ) The small disc samples were mounted on a rotating fixture and inserted into a liquid He cryostat positioned between the poles of a large electromagnet. Strains along the [100] direction were measured as a function of an- 
Magnetostriction of Binary Fe 1−x Ga x Alloys
To date, the largest magnetostriction is found in a sample of Fe 0.81 Ga 0.19 rapidly quenched into water from 800 • C. Figure  3 illustrates the dependence of magnetostriction, (3/2)λ 100 , on Ga concentration. For samples with x = 0.17, the α-Fe phase is near equilibrium at room temperature, the magnetostriction is about 300 ppm, and the effect of cooling rate on the sample is minimal. For x = 0.24, the magnetostriction is about 270 ppm, and again the effect of cooling rate on the magnetostriction is very small. However, between these values of x, a large cooling-rate dependent magnetostriction peak appears. For x = 0.19, and x = 0.21, rapid quenching from 800 • C greatly improves the magnetostriction over furnacecooled alloys. For x = 0.19, the improvement is ∼ 40%. The room temperature magnetostriction of quenched (disordered) Fe 1−x Ga x (x ∼ 0.19) exceeds that of all magnetostrictive 3d transition metals, such as Co, permendur, and Alfenol. This is fascinating since Ga is non-magnetic, i.e. the entire magnetostriction arises from Fe in the diluted α-Fe structure. Because of the sharp non-linear increase in magnetostriction above that of Fe in the disordered α-Fe-Ga alloys it is believed that the magnetostriction is not due to conventional magnetoelastic effects but due to the onset of short range order and the presence of asymmetric clusters of Ga atoms along [100] directions in the α-Fe structure. 3 To determine the intrinsic value of the magnetostriction in the Fe-Ga alloys, measurements of λ 100 were made from room temperature to near absolute zero. (Note that the temperature dependence of λ 100 of pure Fe is unusual, possessing two magnetostriction peaks, a small one between −173 • C and 27 • C and a larger one near the Curie temperature. 9) ) The magnetization of Fe 1−x Ga x , 0 < x < 0.20, was found to be simple and decreases only a few percent with temperature from −268 • C to 27 • C. 3, 5) The satisfying result of a similar small decrease in the magnetostriction over the same temperature range is illustrated in Fig. 4 . Here the magnetostrictions, (3/2)λ 100 , of bcc Fe and rapidly cooled Fe 0.81 Ga 0.19 are compared. Note the expanded scales. The large value of (3/2)λ 100 is intrinsic and not the result of an anomalous temperature dependence. Angular dependences of the strains of Fe 0.81 Ga 0.19 at −269 • C and 22 • C are illustrated in Fig. 5 . The curves are excellent fits to λ γ,2 cos 2 θ dependence where λ γ,2 = (3/2)λ 100 . It should be pointed out that the satisfying agreement between the magnetization and magnetostriction temperature dependences was not observed for Fe 0.76 Ga 0.24 . For this composition, while the magnetization still exhibits a small increase with decreasing temperature from 27 • C to −269 • C, the magnetostriction loses nearly half of its value over the same range. See Fig. 6 . Both furnace-cooled and rapidly quenched samples were tested and revealed the same temperature dependence. This anomalous behavior, which yields a peak in magnetostriction above room temperature, is not understood. The normal temperature dependence for the magnetostriction was again observed for the larger Ga concentration of x = 35%. 10) Because of the large magnetization (∼ 1.7 T) of these alloys, the magnetic fields required to achieve the large magnetostriction, even under large compressive stresses are small. Figures 7 and 8 illustrate the dependence of the magnetostriction vs. magnetic field for various compressive stresses up to ∼ 95 MPa for furnace cooled Fe 0.83 Ga 0.17 and quenched Fe 0.81 Ga 0.19 alloys, respectively. The 17% alloy saturates at a slightly lower magnetic field and has a lower saturation magnetostriction. The magnetostriction increases by 18% as the α-Fe structure is extended from 17% to 19% Ga. The saturation magnetization for the 19% sample is slightly smaller than the 1.75 T value for the 17% sample. However in all cases, fields less than 32 kA/m are required to effectively achieve saturation magnetostriction at stresses up to ∼ 100 MPa. The effect of rapid quenching in obtaining the large strains in Fe 0.81 Ga 0.19 is shown in Fig. 9 . In this figure are compared magnetostriction curves vs field for stresses of 20 MPa and 50 MPa before and after quenching. A remarkable 30% increase in magnetostriction is observed for H ≥ 32 kA/m.
Magnetostriction of Fe-Ga-Ni and Fe-Ga-Mo Alloys
In this section we explore the effect of small amounts of Ni on the magnetostriction of Fe 1−x Ga x (x = 0.11 and x = 0.16) alloys. We have shown earlier that while λ 100 increases dramatically with substitutions of Ga into bcc Fe, the small negative value of λ 111 of bcc Fe remains almost unchanged. 1, 2) Thus the magnetostriction of the highly magnetostrictive Fe-Ga alloys is very anisotropic: λ 100 /λ 111 ∼ = −10. Bozorth (using A. Schulze's data), has inferred that small percentages of Ni when added to Fe substantially reduces |λ 111 | and decreases the absolute magnetostrictive anisotropy. 11) In Fig. 10 , we compare the magnetostrictions along the [100] direction for Fe 0.86 Ga 0.11 Ni 0.03 and Fe 0.814 Ga 0.16 Ni 0.026 furnace-cooled alloys. For the Fe 0.86 Ga 0.11 Ni 0.03 sample, the decrease in the magnetostriction inferred from the Ni-free sample is severe (∼ 40%). For the Fe 0.814 Ga 0.16 Ni 0.026 sample, the decrease is not as large (∼ 15%). Our measurements show an increase of λ 111 from −16 ppm for the Ni-free sample of Fe 0.87 Ga 0.13 1) to ∼ 0 for Fe 0.811 Ga 0.162 Ni 0.127 . 12) Thus, while the magnitude of λ 111 is reduced by the addition of Ni, λ 100 is also reduced. The substitution of small amounts of Ni for Fe also reduces the strains available under various compressive stresses. Figure 11 illustrates the field dependence of the magnetostriction Fe 0.83 Ga 0.135 Ni 0.035 under various stresses up to 122 MPa. This figure can be compared to Fig. 7 for the Ni free Fe-Ga alloy.
We have also examined the effect of small Mo substitutions for Fe in the Fe-Ga alloys. Hall has shown that λ 100 of bcc Fe increases moderately with the addition of 2%-4% Mo. 13) Figure 12 
Summary
Fe 1−x Ga x , in its simple bcc structure, exhibits magnetostrictions, (3/2)λ 100 's, as high as 395 ppm at room temperature, much larger than common Fe and all other known 3d transition metal alloys. Rapid quenching increases the solubility of Ga in bcc Fe and thus the magnetostriction increases with increasing x for 0.17 < x ≤ 0.19. Our observed maximum magnetostriction occurs in samples of ∼ 19% Ga in Fe that were rapidly quenched into water from 800 • C. For x ≤ 0.19, we observed a normal (small) decrease in magnetostriction with temperature from −269 • C to 22 • C. On the other hand, for both quenched and furnace-cooled samples of x = 0.24 (near Fe 3 Ga), we find an anomalous increase in magnetostriction over the same temperature range. Thus, a peak in the magnetostriction occurs above room temperature. This in not consistent with the characteristic normal decrease in magnetization with temperature. λ 111 remains negative at room temperature in all binary and ternary alloys reported to date. The addition of small amounts of Mo to the Fe-Ga alloy increases the magnitude of λ 111 while the addition of Ni decreases the magnitude of λ 111 to near zero. 
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